To better understand the generation of electric power for piezoelectric PbZrTiO 3 (PZT) ceramic plate (ϕ25 mm), an attempt was made to investigate experimentally and numerically electricpower generation characteristics during cyclic bending under various loading fixtures (ϕ0-ϕ20 mm), i.e., different contact areas. Increasing the load-contact area on the PZT ceramic leads to a nonlinear decrease in the generated voltage. Decreasing contact area basically enhances the generated voltage, although the voltage saturates during loading when the contact area is less than ϕ5 mm. A similar voltage is generated for ϕ0 and ϕ5 mm, which is attributed to strain status (ratio of compressive and tensile strain) and material failure due to different stress distribution in the PZT ceramic. On the basis of the obtained electric generation voltage, suitable loading conditions are clarified by loading with the ϕ5 mm fixture, which generates a higher voltage and a longer lifetime of the PZT ceramic. From this approach, it is appeared that the area contact with the area ratio of 0.04 (ϕ5 mm/ϕ20 mm) is suitable to obtain the high efficiency of the electric voltage.
Introduction
To reduce demands on the environment, clean energy systems are urgently required in modern society. In response, various clean-energy systems have been developed in recent years, such as wind energy, solar energy, wave energy, etc. Another approach involves the use of smart materials to make energy-harvesting systems, which has received intense attention due to their limitless possibilities. The emphasis in such cases has been to develop on-site generators that can transform any available electrical energy [1] . Piezoelectric energy harvesting has emerged as one of the prime methods for transforming mechanical energy into electric energy. The harvesting devices consist of disk-shaped piezoelectric ceramics set in a checkerboard pattern. Piezoelectric ceramics can also be stored and used to power devices in remote situations [2] . To develop piezoelectric energy-harvesting systems, many researchers have investigated electric generation in PbZrTiO 3 (PZT) ceramics. In their review articles, Cook-Chennault et al. [3] discuss fundamental systems and future trends and applications for piezoelectric energy harvesting. Sodano et al. [4] have developed a technique to generate electricity from the vibration of a piezoelectric material, which they then use to recharge a discharged nickelmetal-hydride battery. Tadesse et al. [5] proposed two different mechanisms, piezoelectric and electromagnetic, that they combined them on a single platform for energy harvesting.
Energy harvesting with a PZT ceramic is not very efficient, so an optimized harvesting technique is required. Several investigators have analyzed numerically and experimentally the efficiency of electric-power generation with a PZT [6] . For example, one of the present authors investigated electric-power generation in a PZT ceramic during cyclic loading, in which the maximum voltage generated depends on the frequency and the wave shape (e.g., triangular or sinusoidal wave mode). The maximum voltage for both wave modes increases with increasing frequency and saturates around 15 Hz, at which the mean voltage and current are about 8 V and 0.02 mA, respectively [7] . Electric-power generation was examined under cyclic loading and with different loading conditions [8] ; however, the role played by strain in PZT ceramics has yet to be analyzed systematically and in detail. Because strain in PZT ceramics is one of the main factors that determine the properties of electric-power generation in these materials, the loading conditions must be designed very carefully. In the present work, to minimize stress concentration, the mechanical loading was considered with a wide area contact to reduce the material failure, although this approach may decrease the efficiency of electric-power generation. Thus, an attempt was made to propose an optimized loading condition to improve the efficiency of electric-power generation and increase the PZT lifetime during cyclic loading. To make this, experimental and numerical approaches were carried out to examine electric generation characteristics of PZT ceramics under the cyclic loading with various contact areas.
Experimental procedures

1 Material and experimental conditions
Figure 1(a) shows the commercial piezoelectric PZT ceramic plate used in the present work. The ceramic plate is fixed to a round brass plate of dimensions φ35 mm (d) × 0.3 mm (t). This is because the mechanical properties of PZT ceramic are not so high and the flexibility of PZT ceramic plate is at the low level. The material properties of the PZT ceramic used in the present work are as follows [9] : (i) density (ρ) 7.7 × diagram of the test apparatus with the PZT ceramic plate and the loading fixture. The PZT ceramic plate was placed on the sample stand to create a bending load. The loading fixtures allowed us to do three or four point-like bending tests. The loading fixtures and sample stand were made of aluminum alloy to give them high stiffness compared with the PZT ceramic. The PZT ceramic plate was cyclically loaded in air by using a screw-driven universal testing machine with 50 kN capacity (Shimazu, AG-Xplus). In this case, cyclic loading was done by a square-wave loading mode with R-ratio (σ min /σ max ) = 0.05 and frequency f = 0.25 Hz. To investigate how the loading condition affects electric-power generation, the PZT ceramic was loaded by round rods of varying diameters (ϕ0, ϕ5, ϕ10, ϕ15, and ϕ20 mm). Note that loading with the ϕ0 mm fixture corresponds to a point contact. The deflection and strain of the PZT ceramic plate during cyclic loading was directly measured using a dial gauge (Figs. 1(b) and 1(c)) and a commercial strain gauge, which were fixed to the brass plate. The strain gauge was fixed at three different points: 0, 5, and 10 mm from the center of the PZT ceramic.
During the cyclic loading, the electric power generated from the PZT ceramic was monitored by using a digital multimeter (8846A, Fluke). In this approach, the mean maximum voltage was employed as a parameter to quantitatively evaluate the electric-power generation characteristics. For this evaluation, cyclic loading was applied at 10-50 N for 30 s. Figure 2 shows the experimentally obtained voltage versus time upon cyclical loading to the PZT ceramic. The results show that the positive electric voltage rises sharply to a maximum level (+) as the bending load is applied to the PZT ceramic. In this time range, the electric-power generation causes electrons to flow in the PZT ceramic. As indicated by the dashed arrow (※), the electric voltage drops to 0 V despite a constant, nonzero bending load; at 0 V, the electrons that flow out of the material as the load increases have now flowed back into the material [8] . Decreasing the applied load generates a negative electric voltage (−), so the current in the PZT ceramic reverses.
2 Finite-element (FE) analysis
To analyze numerically strain characteristics and electric-power generation of the PZT ceramic, a FE analysis was carried out using commercial software. Figure 3 shows a schematic diagram of the test fixture and test samples, which consist of a round PZT ceramic and brass plates, which were designed to fit the geometry of the test apparatus with the PZT ceramic plate (Fig. 1 ). The two-dimensional FE simulations with eight-node quad elements were conducted using ANSYS 15.0. For the ceramic plate, a mesh size of less than 0.01 mm was used. The material properties employed in this analysis are as follows: an elastic constant E = 82 GPa and a Poisson ratio ν = 0.30 for the PZT ceramic, and E = 103 GPa and ν = 0.35 for the brass plate. In this case, the loading fixture and sample stand were taken to be rigid structures.
In addition, with commercial software (MARC 2008), the electric voltage of the PZT ceramic under a bending load was estimated. The electric displacement D (i.e., electric energy) can be calculated by 
The electric charge q in the PZT ceramic is
where A is the surface area of the PZT ceramic. By combining Eqs. (2) and (3), the electric charge q takes the form: 
where F is the applied force. The electric charge is also assessed by the voltage V and braking capacitance C d [9] :
In this case, C d is associated with the dielectric constant ε and the geometry of the PZT ceramic: 
where l is the length of the PZT ceramic. Substituting Eqs. (6) and (4) 
3 Results and discussion
1 Characteristics of electric-power generation
To understand the electric generation characteristics of the PZT ceramic, the electric voltage was examined experimentally in advance. Figure 4 shows the mean maximum voltage as a function of the maximum cyclic loading value. The voltage clearly increases with increasing applied loading, although the rate of increase depends on the size of the loading fixture: a larger contact area corresponds to a smaller voltage. The voltage for the ϕ20 mm fixture is as low as 45 V at 50 N, which is about 60% of that for the ϕ0 and ϕ5 mm fixtures. Note that the data for the voltage generated by the ϕ0 mm fixture are superposed on those for the ϕ5 mm fixture. To understand clearly how contact area affects electric-power generation, the data are summarized in Fig. 5 , which shows the voltage generated for each loading fixture. Note that the percentages indicated in Fig. 5 give the voltage with respect to that obtained with the 0% fixture. A higher voltage is generated for the smaller contact areas (i.e., ϕ0 and ϕ5 mm fixtures), which is attributed to the high stress (or high strain) generated in the PZT ceramic in these cases. This trend also occurs at different loading values. However, this result is questionable because, for a given load, the bending stress (or strain) for the ϕ5 mm fixture is less than that for the ϕ0 mm fixture. This result may be attributed to various mechanisms, such as the strain characteristics and localized failure in the PZT ceramic. Figure 6 shows photographs of the surface of the PZT ceramic after cyclic loading at 50 N for 30 s using the ϕ0 and ϕ5 mm fixtures. The point contact (ϕ0 mm) makes a severe dent in the PZT ceramic, whereas no clear damage appears on the surface of the PZT ceramic after loading with the ϕ5 mm fixture. The dent in the PZT ceramic is the result of localized failure (e.g., domain switching and micro cracks), which results in poor piezoelectric properties. To clearly understand the characteristics of electricpower generation, the strain in the PZT ceramic plate on both macro and micro scales was investigated experimentally. Figure 7(a) shows the deflection of the PZT ceramic plate as a function of applied load for the different fixtures. The overall deflection increases sublinearly with increasing the loading value. Based on the experimental result shown in Fig. 7(a) , deflection value as a function of loading-fixture diameter is indicated in Fig. 7(b) , which was obtained under the cyclic loading with the maximum load of 50 N. High deflection occurs for loading fixtures with smaller contact areas, and deflection decreases with increasing size of the loading fixture. Although the voltage generated is similar for loading with ϕ0 and ϕ5 mm fixtures, the ϕ5 mm fixture leads to less deflection than the ϕ0 mm fixture, e.g., 96% as indicated in Fig. 7(b) .
Using the strain gauges, the strain characteristics of the PZT ceramic were examined. Figure 8 shows the strain obtained at 0, 5, and 10 mm from the center of the PZT ceramic. At 0 mm, a high strain is obtained when loaded by the point contact (ϕ0 mm), and the strain decreases with increasing size of the loading fixture ( Fig. 8(a) ). In contrast, a different trend occurs at 5 and 10 mm from the center of the PZT ceramic. At 5 mm, the strain is slightly higher when loaded with the ϕ10 mm fixture (Fig. 8(b) ) than with the other fixtures. This may be due to the edge of the ϕ10 mm loading fixture being located at the position of the strain gauge (5 mm). Conversely, a similar and small strain is obtained at 10 mm from the PZT center for all loading fixtures (Fig. 8(c) ). This result may be attributed to the high stiffness in the PZT ceramic near the edge of the sample stand and which is due to stacking both the sample stand and the PZT ceramic under the loading process.
2 FE analysis of electric-power generation
To understand the strain characteristics of the PZT ceramic in detail, a FE analysis was executed. Figure 9 shows an equivalent strain distribution on the surface of a cross section of the PZT ceramic, as calculated by
. The extent of the equivalent strain differs, e.g., a smaller contact area leads to a higher generated voltage. Note that almost all areas are dominated by compressive strain, as shown in the axial direction (σ x /E), but a tensile axial strain is also created in the outer area of the PZT ceramic, as indicated by the dashed circle. In this case, the strain level is not uniformly distributed as the PZT ceramic is loaded with the edge of the loading fixture. The region of tensile strain is wider in the PZT ceramic loaded with a small contact area (ϕ0 mm). Since tensile strain generates a negative voltage [10] (Fig. 10) , the generated voltage could have been reduced (Figs. 4  and 5 ), when the PZT ceramic is loaded with a small loading fixture. Numerical analysis was further conducted to estimate the electric generation characteristics. Figure 11 shows the electric-field intensity on a cross section of the PZT ceramic plate for both the ϕ0 and ϕ5 mm fixtures. A relatively large electric field appears in the PZT ceramic near the loading point of the ϕ0 mm fixture compared with the results for the ϕ5 mm fixture. This result is attributed to the high strain in the PZT ceramic caused by ϕ0 mm loading. Thus, high electric-power generation may be obtained for ϕ0 mm loading, which differs from the trend of the experimental results shown in Fig. 5 . Figure 12 shows the voltage as a function of deflection and bending strain, respectively. Both cases show almostlinear correlations, and particularly high correlation occurs between deflection and electric voltage. From these results, the voltage can be approximated from the strain characteristics even though some data (e.g., ϕ0 mm fixture) are slightly shifted to the right-hand side. This may be due to the material damage arising from the point contact, ratio of tensile, and compressive strain as mentioned above, which reduce the voltage. Based on these experimental results, loading with the ϕ5 mm fixture is considered to be optimal for generating a high voltage with minimal material damage. It should be pointed out that, in this case, the loading fixture with ϕ5 mm made the high voltage as the PZT ceramic plate with ϕ25 mm is employed. Namely, the area ratio of 0.04 (ϕ5 mm/ϕ25 mm) is proper contact area to obtain the high efficiency of the electric voltage.
To verify this result, the electric generation characteristics of the PZT ceramic plate were investigated during cyclic loading. Figure 13 shows the voltage as a function of loading-cycle number up to 10,000 cycles for the PZT ceramic with loading fixtures ϕ0, ϕ5, and ϕ15 mm. Two maximum cyclic loads were applied in this approach, 40 and 50 N. In the early fatigue stage (< 1000 cycles), the voltage decreases by about 6% under all conditions. This reduction in voltage is attributed to (i) material damage (e.g., domain switching and generation of micro cracks) [11] and (ii) insufficient current for electric-power generation during cyclic loading (i.e., electrons cannot be completely recovered because of the repeated quick loadings). Note that, at the first 50 N cycle, the voltage drops rapidly to a low level when loading with the ϕ0 mm fixture, as indicated by the arrow with the star, where severe material damage could occur. In addition, after more than 1000 loading cycles, the voltage decreases further with increasing cycle number (with ϕ0 mm fixture). This reduction in voltage after more than 1000 cycles (with ϕ0 mm fixture) may be attributed to the failure of the PZT ceramic. In the previous work, the material failure (domain switching) of the PZT ceramic was examined by electron back-scattered diffraction (EBSD) analysis before and after the cyclic loading. It appears that the 90° domain switching results in a reduction of the electric generation characteristics [11] . Conversely, the voltage generated by loading with the ϕ5 and ϕ10 mm fixtures becomes relatively stable after 1000 loading cycles. The stability of the voltage after 1000 cycles when loading with the ϕ5 mm fixture supports the conclusion that no severe failure occurs in the PZT ceramic. Because of unclear difference in the results of electric generation voltage for the ϕ0 and ϕ5 mm fixture, the high cyclic loading of 100 N was further applied using the loading fixtures (ϕ0 and ϕ5 mm). The obtained results are shown in Fig. 14. Unlike the results at the low applied loads of 40 and 50 N, significant reduction of the electric voltage during thecyclic loading is appeared for the sample with the ϕ0 mm fixture. In contrast, no clear reduction of the electric voltage is seen for the ϕ5 mm fixture after decrement of the voltage in the beginning of the cyclic loading. It should be pointed out that such energy loss could be attributed to the entropy generation. Namely, the entropy generation can be directly assessed with the failure of the PZT ceramics [12, 13] . Figure 15 illustrates schematically the electric-power generation and failure characteristics for the PZT ceramic during the cyclic loading for ϕ0 and ϕ5-ϕ20 mm fixtures, in which the mechanisms of electric generation and the reduction of the electric voltage for all loading fixtures are indicated. 
3 Fatigue properties
Conclusions
Electric-power generation in piezoelectric PZT ceramic plates is investigated with the films subjected to mechanical loading by various loading fixtures with different contact areas. The main results are as follows:
(1) The generated voltage increases nonlinearly with decreasing contact area because of the increase in strain. A high voltage is produced for cyclic loading with a small contact area. The ϕ0 and ϕ5 mm loading fixtures produce a similar high voltage, which is due to localized failure in the PZT ceramic caused by the ϕ0 mm fixture and the concomitant reduction in voltage.
(2) The strain characteristics (e.g., deflection, strain, and total equivalent strain) of PZT ceramic plate can be used to evaluate the voltage value. The generated voltage correlates strongly with deflection value, whereas the tensile and compressive strains affect the opposite electric generation voltage. Tensile strain is generated on the outer side of the PZT ceramic (near the edge of the testing stand), which leads to the generation of a negative voltage.
(3) The voltage generated during cyclic loading with the ϕ0 mm fixture decreases with increasing cycle number because of material failure arising from the high stress concentration imposed by this fixture. In contrast, the voltage remains essentially constant when using a loading fixture greater than ϕ5 mm in size. Considering the lack of material damage and the generation of high voltage, the ϕ5 mm loading fixture is deemed optimal for an energy-generation system based on PZT ceramic plate. The area contact (ϕ5 mm) with the area ratio of 0.04 (ϕ5 mm / ϕ25 mm) is appropriated condition to obtain the high efficiency of the electric generation.
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